During June 1986, eight systems for measuring vapor phase and four for measuring particulate phase concentrations of formic acid (HCOOH) and acetic acid (CH3COOH) were intercompared in central Virginia. HCOOH and CH3COOH vapors were sampled by condensate, mist, Chromosorb 103 GC resin, NaOH-coated annular denuders, NaOH impregnated quartz filters, K2CO3 and Na2CO3 impregnated cellulose filters, and Nylasorb membranes. Atmospheric aerosol was collected on Teflon and Nuclepore filters using both hi-vol and 10-vol systems to measure particulate phase concentrations. Samples were collected during 31 discrete day and night intervals of 0.5-2 hour duration over a 4-day period. Performance of the mist chamber and K2CO3 impregnated filter techniques were also evaluated using zero air and ambient air spiked with HCOOHg, CH3COOHg , and formaldehyde (CH2Og) from permeation sources. Results of this intercomparison show significant systematic and episodic artifacts among many currently deployed measurement systems for HCOOHg and CH3COOHg. The spiking experiments revealed no significant interferences for the mist chamber technique and results generated by the mist chamber and denuder techniques were statistically indistinguishable. The condensate technique showed general agreement with the mist chamber and denuder methods, but episodic bias between these systems was inferred from large and significant differences observed during the first day of sampling. Nylasorb membranes are unacceptable for collecting carboxylic acid vapors as they did not retain HCOOHg and CH3COOHg quantitatively.
INTRODUCTION
Formic acid (HCOOH) and acetic acid (CH3COOH) are major chemical constituents of precipitation [e.g., •øNow at School of Geophysical Sciences, Georgia Institute of Technology, Atlanta, Georgia. Tables 1 and 2 . Vapor phase species were sampled by 8 different techniques. Washington State University (WSU) collected soluble gases using the condensate technique as described by Farmer and Dawson [1982] . The University of Virginia (UVA) operated two collection systems for vapor. UVA 1 modified a technique described by Haynes [1979] to remove carboxylic acids from an airstream pulled through Chromosorb 103 GC resin packed in 4.76 mm ID Tygon columns. UVA 2 collected vapor on two tandem Nylon membranes mounted on separate stages of polycarbonate cassettes. Peaks for carboxylic acids had been observed previously during ion chromatograph analysis of extracts from Nylon membranes used to collect HNO3 vapor. In response to this observation, it was decided to include the UVA 2 system in the intercomparison, despite the fact that its performance in terms of specificity or collection efficiency had not been previously tested. Florida State University (FSU) collected acidic gases from an air stream pulled through 25 mm cellulose paper filters which were impregnated with 1.8 M K2CO 3 and mounted in polycarbonate cassettes. The California Institute of Technology (CIT) operated a similar system consisting of 47 mm quartz fiber filters which were impregnated with 0.025 M NaOH and mounted in polycarbonate cassettes. The NOAA Aeronomy Laboratory (NOAA) collected acidic gases on 90 mm cellulose paper filters which were impregnated with 0.02 M Na2CO 3 and mounted in polycarbonate cassettes. The NASA Langley Research Center (NASA) collected watersoluble trace gases with a mist chamber as described by Cofer et al. [1985] and Talbot et al. [1988] . The Technical University of Vienna (TUW) collected acidic vapor using annular denuder tubes coated with 0.10 M NaOH as described by Rosenberg et al. [1988] . With the exception of the WSU's condensate sampler and TUW's denuder tubes, both of which exclude particles by the nature of collection, all of the above systems incorporated upstream prefilters to remove particles from the air stream prior to collection of vapor phase carboxylic acids. Data from four measurement systems for particulate phase carboxylic acids were also intercompared. Because of short sampling times (--• 1 hour), low sampling rates (Table 1) , and low ambient concentrations (see Results and Discussion), little particulate material was deposited on the upstream filters of the previously described samplers for vapor, and consequently most of these systems had inadequate resolution for quantifying particulate phase concentrations. Only NOAA generated enough observations above system detection limits to statistically compare with results from the hi-vol sampling systems for particles operated by UVA 1 and NASA. The two hi-vol systems collected particles on 102 mm, 2.0 /am Teflon (Zefluor) filters mounted in open face stainless steel housings. In addition to the above three systems, NASA operated a low-vol sampling system for particles consisting of stacked 47 mm filters mounted in polycarbonate cassettes. The front filter for coarse particles was an 8.0/am Nuclepore filter followed by a 2.0-/am Teflon (Zefluor) filter for fine particles. The aerodynamic cutoff diameter between the two particle fractions was 1.5 /am [John et al., 1983] . To obtain sufficient sample for analysis, this system was operated for time periods ranging from 2 to 6 hours.
The performance of each analytical laboratory was intercompared with blind audit solutions which bracketed the typical concentration ranges for intercomparison samples. These solutions were prepared by UVA, treated with CHC13 to prevent microbial transformation [Keene et al., 1983] , and distributed to each group during the intercomparison.
Mean detection limits (Table 3) were estimated from the combined uncertainties associated with samples, field blanks, and sampling rates, following in part the procedures recommended by Curtie [1968] . These estimates are based on the assumption that the standard error is approximately constant for each system in the range between 0 and the calculated detection limit. We further assume that the standard deviation for samples (S s) at the detection limit is approximately equal to the standard deviation for replicate field blanks ( We recognize that the procedure for including flow uncertainties in overall uncertainties represents an approximation and is not a rigorous statistical formulation. We believe, however, that this approach does represent a reasonable quantitative estimate of the detection limit.
Experimental Design
Sampling apparatus were operated on the southeastern roof of the Environmental Sciences Building (Clark Hall) at the University of Virginia in Charlottesville, Virginia, between June 10, and June 13, 1986. Inlets were positioned at a height of 1-1.5 m above the roof surface (20 m above ground level) at the locations indicated on Figure 1 . Exhaust from the pumps was collected in a common manifold and discharged on the opposite (northwest) side of the building approximately 60 m distance and 20 m below the sample inlets. Samples were collected simultaneously during 31 discrete intervals ranging from 0.5 to 2 hours in duration. The TUW denuder system required somewhat longer sampling times for adequate resolution, and therefore their samples were collected over longer time intervals (2 hours) relative to most other systems (typically 1 hour). To ensure that the same air parcels were sampled, air flow through the denuder tubes was stopped when the other systems were shut off for servicing. To minimize possible effects of phase generated by a permeation cell and supplied to a Teflon sampling manifold. The vapor phase concentration of CH20 in the sampled air was approximately 500 nmol/SCM based on data for long-term weight loss from the cell. Background levels of HCOOH and CH3COOH in the zero air stream to which CH20 had been added were then determined by sampling the streams with each system. Concentrations of both acids measured by FSU were below the detection limits (Table 3) . For the mist chamber, CH3COOH was below the detection limit (Table 3) separate Teflon centrifuge tube, sealed in a polyethylene bag, and stored in the dark at -5øC. Filters were stored for a period of 20 days prior to analysis. A second set of duplicate filters was collected during a different period of time, halved, and analyzed within 2 hours of collection. Results from these analyses were used to assess the variation between filter halves resulting from nonhomogeneity of blanks and samples.
RESULTS AND DISCUSSION

Meteorological Conditions
Meteorological conditions during the course of the intercomparison can be characterized as warm and humid with light and variable winds (Table 4) . Wind speed and direction measured on the roof of Clark Hall were undoubtedly affected by the building's geometry and are not expected to be representative of surface winds in the region.
During the first day of the intercomparison (June 10), weather was dominated by a large high pressure system centered over Pennsylvania. Surface winds were predominately from the east. This system moved off shore overnight as a warm front approached Charlottesville from the west. By the morning of June 11, surface winds shifted and were now blowing from the south. The front stalled and weakened when it reached the mountains to the west of town and by midnight ceased to be an identifiable feature. Two light rain showers fell during the sampling on June 11 (Table 4) (Table 5) . At a similar concentration, measurements of CH3COOHg with the mist chamber technique were approximately 20% higher than were those with the impregnated filter. These differences were small compared to the up to fivefold bias observed for measurements in ambient air during the Charlottesville intercomparison (Figure 2) . When the two systems simultaneously sampled carboxylic acids in ambient air at Tallahassee, however, significant bias similar in magnitude to that observed in Charlottesville was detected (Table 5) . Studies conducted previously indicate that the mist chamber was not subject to a negative interference [see Talbot et al., 1988] . Taken together, these results suggest that the FSU impregnated filter technique and by inference the methods used by UVA 1 and CIT, may be subject to large positive artifacts when sampling carboxylic acids in tropospheric air.
A final set of measurements was conducted at Tallahassee, to examine the effects of CH2Og on the quantification of HCOOHg and CH3COOHg with the FSU impregnated filter method. An elevation in the apparent atmospheric concentrations of both HCOOHg and CH3COOHg was observed in the air stream to which CH20 was added relative to unaltered ambient air (Table 5 ). These results indicate that CH20 may cause a positive interference in the measurement of carboxylic acids using the FSU impregnated filter technique.
Results of the intercomparison experiments conducted at NASA are summarized in Table 6 . With the mist chamber technique, no significant differences were found in the concentrations of HCOOHg and CH3COOHg measured in ambient air with and without CH20 added (Table 6 ).
As observed in Tallahassee (Table 5) determined in the air stream with CH20 added (Table 6 ). This positive interference occurred on both stages of the filter pack in about equal proportions for both acids. Relative to the mist chamber, measurements of HCOOHg in unaltered ambient air using the FSU impregnated filter system were a factor of 3 higher, although both techniques detected similar concentrations of CH3COOHg. This observation suggests that the interference for the two carboxylic acids may not be directly related.
The fairly extensive experimentation completed to date has identified no significant artifacts in the measurement of HCOOHg and CH3COOHg using the mist chamber technique.
The similarity of results obtained during the intercomparison with the TUW denuder sampler and the NASA system suggests that the denuder technique may also be free of significant artifacts. Some caution is, however, warranted when using liquid water mist or condensate to collect gaseous carboxylic acids. As acidic gases are scavenged, the pH of the aqueous Ambient air plus 113 145 0.78 CH20 media will typically drop. This can affect the phase partitioning of CH3COOH which has a relatively high pKa of 4.76. It is evident that for the mist chamber, long sampling intervals, particularly in regions with high concentrations of soluble acidic gases, may lead to reduced collection efficiencies. Similar problems could affect the condensate technique under conditions of low relative humidity and high concentrations of soluble acidic gases. It is also possible that aqueous phase reactions such as those involving CH20, HCOO-, and OH radicals [e.g., Jacob, 1986] could lead to positive or negative artifacts in such sampling systems. Investigators are encouraged to independently verify the performance of collection techniques involving aqueous phase media under the ambient condition in which they will be deployed.
The strong base impregnated filter techniques are prone to positive interferences in the measurement of HCOOHg and CH3COOHg. The GC resin technique also appears to suffer from such artifacts. While experimental evidence suggests that atmospheric aldehydes may cause artifact HCOOH and CH3COOH to be produced on the alkaline filters, the exact nature of the interferences were not investigated. We do not know why the impregnated filter system operated by NOAA detected significantly lower concentrations of HCOOHg relative to the other measurement systems. We also do not know why the TUW denuder with an alkaline surface coating did not show positive interferences similar to other alkaline collection techniques.
Particulate Phase Species
Significant differences were observed between particulate phase concentrations measured by the UVA 1 hi-vol system, NOAA filter pack, and NASA hi-vol system (Figure 7 ). These differences may correspond to different storage procedures for filters between collection and analysis (Table 1) The results of the stacked filter pack which was operated by NASA are summarized in Table 7 . As previously discussed, the interpretation of these data is complicated by the potential for artifacts. In general, however, higher total concentrations of particulate HCOOT and CH3COOT were measured by NASA using the lo-vol stacked filter pack relative to the hi-vol sampler (Figure 7) . Such an effect could be explained by the larger pressure drop across the hi-vol filter resulting in volatilization of vapor from aerosols. Additional experimentation is needed to assess the potential for and magnitude of such an effect.
Results of the storage experiment conducted by NASA subsequent to the Charlottesville intercomparison are summarized in Table 8 . For samples which were analyzed immediately after collection, mean variations between filter halves of 17 and 34% for HCOOT and CH3COO T were observed. The frozen samples yielded mean concentrations of HCOOT and CH3COOT which were 56 and 60%, respectively, higher than their refrigerated counterparts. These results suggest that HCOOT and CH3COOT were either lost from the refrigerated samples, most likely via biological degradation, or that the frozen process ruptured aerosol particles releasing additional amounts of carboxylic compounds.
The results of these intercomparisons indicate that procedures for sample collection, storage, and extraction may result in positive or negative artifacts in the measurement of particulate phase concentrations. Unfortunately, because sections of stored filters were not analyzed immediately after collection of particles, definitive information is not available to critically assess the nature of these artifacts. As such, we encourage other investigators to perform carefully designed experiments which will resolve these issues prior to reporting concentration for particulate phase carboxylic species. Values are given in nmol/SCM. Coarse, > 1.5 /xm' fine, < 1.5 
Intercalibrations of Analytical Techniques
Analytical intercalibrations typically agreed within approximately _+ 10% or -+ 1 /xmol/L of expected values (Table  9 ). These differences are small compared to the overall differences between results generated by participating groups. The observed differences between the various techniques appear to originate primarily from the specificity of sampling media, handling, or storage rather than with analytical bias.
Several additional factors not addressed by such an intercalibration should also be considered. The majority of participating groups used standard ion chromatography (IC) to analyze their samples (Table 2) 3. Based on previously published data and on results generated during this study, no significant positive or negative interferences were found for the NASA mist chamber technique. Thermodynamic considerations suggest, however, that caution should be exercised when using this and other techniques involving aqueous phase media to collect carboxylic acids.
4. There were no significant differences between results generated by the NASA mist chamber and the TUW denuder collection system, suggesting that the denuder technique is also free of positive or negative interferences in the measurement of HCOOHg and CH3COOHg.
5. Evidence for significant episodic artifacts in the measurement of HCOOHg was observed between the condensate technique and the mist chamber. Similar, though not significant, differences were observed between results for the condensate technique and the denuder system. 6. Alkaline filter techniques and the GC resin technique are prone to large positive interferences in the measurement of HCOOHg apparently resulting in part from reactions of aldehydes with the sampling media to generate HCOOH subsequent to collection. Aidehyde additions to ambient air streams also resulted in the generation of artifact CH3COOH on impregnated filter system operated by FSU.
7. Significant bias was observed for particulate phase measurements by participating groups, and it appeared to arise from differences in sample storage and handling subsequent to collection. Experimental evidence was not available to assess the nature of these artifacts.
8. Analytical bias could account for only a minor fraction (<10%) of the observed differences (up to a factor of 5) between results obtained with the various techniques that were intercompared.
